Os complexos de vanádio(IV) e (V) com tartarato formados em solução e as suas possíveis interconversões foram estudados utilizando-se técnicas espectroscópicas e eletroquímicas. A investigação foi feita através de espectroscopia , dependendo do pH.
, dependendo do pH.
Spectroscopic and electrochemical studies were carried out to characterize the vanadium(IV) and (V) complexes that form in solution and their interconversions. 51 V NMR spectroscopy coupled with 1 H NMR, 13 C NMR and EPR spectroscopy were used to characterize the vanadium(V)-tartrate complexes that form in the vanadium-tartrate system. The major complex that forms over most of the pH range is a 1:1 complex. In addition a minor 1:2 complex forms. The 1:2 complex formed from enantiomerically pure tartaric acid was less stable than complex formed from racemic tartaric acid. These complexes are different than the 2:2 complex that is the major contributor in the vanadium(IV)-tartrate system. The polarographic and cyclic voltammetic investigations of the electrochemical behavior of V(V) in the presence of tartrate demonstrated a complex formation. The diffusion coefficient values of free vanadium ions and vanadium-tartrate complexes were determined. The minimum average values for the diffusion coefficient for the vanadium(IV)-tartrate 2:2 complexes were determined to range from 3 × 10 -6 cm
Introduction
Characterization of complexes that could potentially form and exist under biological conditions is of current interest given the anti-diabetic properties of vanadium compounds. 1 Furthermore, the role of vanadium compounds as cofactor in haloperoxidases, 2 nitrogenases 3 and the analog between vanadate and phosphate 4 has stimulated a surge in the interest in aqueous vanadium chemistry. Tartaric acid is produced by microorganisms in large quantities and is formed in the human metabolism In general, alpha-hydroxy carboxylates are strong metal chelators, and in the case of tartrate the three different stereoisomers (D(-)-tartrate, L(+)-tartrate and DL(+ -)-tartrate), further allow for geometrically intriguing coordination complexes.
The variety of oxidation states of the metal in vanadium complexes implies that the redox reactions under physiological conditions are important to the action of these complexes. 1 The redox processes are more likely to take place in the presence of an organic ligand such as tartrate. Vanadium-tartrate systems reported in the literature include a crystallographic characterization and solution study. [5] [6] [7] [8] The chemistry of vanadium(IV)-tartrate complexes have been studied. 8 The structurally characterized 2:2 vanadium(IV) tartaric acid complex contains two tartaric acid ligands (of DL(+ -) stereochemistry) coordinating to each vanadium atom in a bidentate manner. 7 The V(IV) complexation with L(+)-and DL(+ -)-tartaric acid as monitored by spectrophotometry and EPR confirmed that 2:2 anionic complexes exist in solution. At neutral pH, spectral differences were observed between the L(+)-complex and the DL(+ -)-complex; the last one was found to be more stable. 6 Recent comprehensive potentiometric and EPR spectroscopic investigations of the vanadium(IV) complexes with tartrate isomers confirmed the formation of the dinuclear complex from V(IV) and the D(-)-, L(+)-and DL(+ -)-tartrate systems. In contrast, a cyclic trinuclear species formed from V(IV) and mesotartrate. 9 One spectrophotometric study was carried out from vanadate and tartaric acid at pH 2.8-3.4, and a weak 2:1 complex (log β = 3.1) was observed. 5 The current study was carried out to provide benchmark information on the properties of physiological relevant vanadium(IV) and (V) complexes. Specifically, we selected a system in which both oxidation states could be characterized and the conversion between oxidation states could be investigated. Multinuclear NMR and EPR spectroscopy, polarography and cyclic voltammetry were used to characterize the vanadium-tartrate system, beginning with the detailed characterization of the vanadium(V)-tartrate complexes.
Experimental

Materials
All chemicals were of the highest purity grade and were used as provided by Sigma-Aldrich chemical company. L(+)-, D(-)-and DL(+ -)-tartaric acid were all used for these studies even though most experiments were performed with L(+)-tartaric acid.
Polarography
The polarographic curves were recorded by a PU-1 polarograph (Belarus) using a dropping mercury electrode in a three-electrode cell, equipped with a thermostat. 10 The reported experiments were carried out at 20 ± 0.1 °C (selected measurements were also carried out at 25 and 30 °C). The potential scanning rate was 100 mV min -1 . sodium metavanadate (NaVO 3 ·2H 2 O) solutions and tartaric acid at a ratio 1:1 to 1:10 metal to ligand. Supporting electrolyte was 600 mmol L -1 of NaCl. Oxygen was removed from the solutions by purging Ar through the solution. The Ar flow was maintained on top of the solution during the course of experiment. Applied potential was swept from +0.1 to -1.6 V vs. SHE.
Cyclic voltammetry
The cyclic voltammograms 11 were recorded by a PI-50 potentiostat (Russia) using three-electrode thermostated electrochemical cell. The working electrode was a smooth Pt foil of 1 cm 2 , the auxiliary electrode, a Pt foil of 3 cm 2 , and the reference electrode was an Ag/AgCl electrode filled with saturated KCl. Applied potential was cycled from -0.75 to +1.1 V at potential scan rate 50 mV s -1 for 3 times. Supporting electrolyte was 600 mmol L -1 NaCl solution. Sodium metavanadate concentration was 10 mmol L -1 and its concentration ratio with tartaric acid varied from 1:1 to 1:3. pH was adjusted either with HCl or with NaOH solutions. 12 Oxygen was removed from the solutions by purging Ar through the solution. The Ar flow was maintained on top of the solution during the course of experiment. The experiments were carried out at 20 ± 0.1 °C.
NMR and EPR spectroscopy
The NMR spectra were recorded on a Varian Inova-300 spectrometer (USA) at 78.9 MHz (7.0 T) for 51 V, at 75.46 MHz 13 C and at 300 MHz for 1 H. The 51 V is a quadrupolar nucleus and with high natural abundance and a frequency near that of 13 C. The parameters used for recording the 51 V NMR spectra were as follows; a sweep width of 33000 Hz, a pulse width of 90 o and an acquisition time of 0.050 sec. 13 The chemical shifts were recorded against an external standard of VOCl 3 (0 ppm). 13 The spectra were processed using no linebroadening or baseline correction. Spectra were integrated using the Varian software, and the concentrations calculated from the mole fraction of each signal. The 1 H and 13 C NMR chemical shifts were referenced against an external sample of 3-(trimethylsilyl)-1-propanesulfonic acid sodium salt (DSS) at ambient temperature. 13 The EPR spectra were recorded on a Bruker EMX spectrometer (USA). The Spectrometric and Electrochemical Investigation of Vanadium(V) and Vanadium(IV) Vol. 17, No. 5, 2006 X-band EPR spectra were recorded at ambient temperature in 1 mm quartz capillary tubes that were placed in 5 mm quartz EPR tubes. The spectra were recorded between 9.750 and 9.900 GHz (X-band) and at 40 mW microwave power and the quantitative parameters described previously: 14 concentration of vanadium(IV) compounds were varied from 10 to 50 mmol L -1 and were recorded in the aqueous sodium chloride solutions. Quantification of EPR signals was performed by double integration of the first-derivate spectra to obtain the area under the absorption curve.
Sample preparation for 51 V NMR (EPR) spectroscopic studies
Sample solutions were prepared from the stock solutions and were analyzed by 1 The solutions prepared in the neutral and alkaline pH range were prepared by the addition of vanadate, tartaric acid followed by NaCl. In the near neutral pH range studies, the tartaric acid solution was adjusted because no acid can be added to the vanadate-tartaric acid solution due to formation of decavanadate at acidic pH. The samples at acidic pH values were prepared similarly. A wide range of concentration ranges were investigated; various combinations from 0.40 to 500 mmol L -1 vanadate and from 0.40 to 800 mmol L -1 tartaric acid. The NaCl concentration was maintained at 600 mmol L -1 to keep ionic strength constant, except for the structural studies using 1 H and 13 C NMR spectroscopy where no salt was added.
Interpretation of NMR spectra
The concentrations of vanadium species were calculated from the mole fractions of each species signal and the known overall concentration of vanadium(V). This method assumes that no redox processes have taken place and thus most reliable for freshly prepared solutions in a system such as the vanadate-tatrate system. The vanadate oligomers observed in the 51 V NMR spectra include monomer (V 1 ; defined as the sum of H 2 VO 4 -or HVO 4 2-), dimer (V 2 ) and tetramer (V 4 ); these species are related as shown in equations (1) and (3). 13 The concentration of VO 2 + was obtained directly from the integration of the spectra at acidic pH. Since decavanadate gives three signals (-416, -499 and -515 ppm), the two signals can be used to calculate the component of the third signal that overlap with the V-tratrate complex. Thus, the difference is assigned to the V-tartrate complex. The formation constants and stoichiometries of the complexes were investigated both at low and high pH ranges using equations (4)- (7). By using H 2 VO 4 -, tar 2- and H + to carry out a study in which H + is also varied, the charge of the complex can also be determined.
(1)
Structural studies were conducted using 1 H and 13 C NMR spectroscopy at acidic pH using the samples described above at varies concentrations of ligand and vanadate. Selected 1 H and 13 C NMR spectra were investigated at both ambient and low temperature; however due to sample instability and multiple complexes the quality of the 13 C NMR spectra were limited. Reducing the temperature slow down some of the exchange processes, and signals sharpen somewhat; since the samples are studied in aqueous solution these studies were only conducted from ~-5 to 25 °C. Accompanying 51 V NMR spectra were recorded to verify the composition of the samples.
Calculation of diffusion coefficients
The values of the diffusion coefficient (D) were calculated using the Ilkovic equation, J. Braz. Chem. Soc.
Results and Discussion
Spectroscopic investigations of the vanadium(V)-tartrate system
NMR studies at various pH. In a series of spectra of 10 vanadate and 100 mmol L -1 L-tartaric acid recorded from pH 6.5 to pH 10, two new complexes were observed at -495.7 and -516.1 ppm (Figure 1) . A minor signal observed at -529 ppm at pH 6.7 may be a third complex; the possibility that this complex was the oxovanadate complex reported previously was considered and not ruled out. 16 The complex at -495.7 ppm shift was found to shift at higher pH ( Figure 2 ). Redox chemistry was found to take place in these samples, as evidenced by the appearance of decomposition products (NMR spectroscopy) as well as changes in solution color (visible spectroscopy). The rate of redox reaction was larger in solutions with high concentration of vanadate and tartrate at low pH. In all cases, the results described here are from freshly prepared solutions.
The initial studies were expanded to include pH range 2 to 9 by recording NMR spectra of solutions containing vanadate and tartaric acid (10 mmmol
. Complexes were observed in this entire pH range, and are shown in Figure 2 . One complex is observed at alkaline pH (-495 ppm) and a second complex is observed at -515 ppm in addition to the complex at -495 ppm at neutral pH. From pH 3.5 to 4.5, four complexes are observed at -574 ppm, -539 ppm, -515 ppm and -485 ppm, however, only the three complexes at -570 ppm, -539 ppm and -515 ppm are observed below pH 3.5. As it is shown in Figure 2 , the chemical shifts of two of the four complexes (-539 ppm and -515 ppm) are pH independent. However, the signal at -574 ppm at pH 4 decreases to -569 ppm at pH 2.5. The signal at -495 ppm decreases as the pH continues to decrease from pH 6. At pH of 3.7, the chemical shift is approximately -478 ppm and no signal is observed below this pH.
Stoichiometry studies at neutral pH. The stoichiometry of the complexes at -515 ppm and at -495 ppm was investigated using 1 to 10 mmol L -1 vanadate, from 10 to 50 mmol L -1 tartaric acid, and at pH values from 6.5 to 7.05 and 600 mmol L -1 NaCl. The data were analyzed using equations (4) to (7) . Since a linear relationship is obtained when plotting complex as a function of [V 1 ] vs.
[tartrate] it has been concluded that the complex at -515 ppm is a 1:1 complex. The relationship furthermore shows that 2 protons are used upon complex formation. By corresponding analysis, the signal at -495 ppm is also found to be a 1:1 complex consuming no more than one proton upon complex formation. 2006 from pH 2.30 to 2.50. Two new complexes were observed in these spectra in the presence of the major complex at -515 ppm and a minor complex at -539 ppm (Figure 1 ). The major species overlap one of the signals for decavanadate and the minor species overlap the signal for VO 2 + at these low pH values. The signal at -515 ppm is even observed when little decavanadate is present (0 to 2%). The -539 ppm signal increases by the addition of increasing tartaric acid concentrations. In the neutral pH range, signals were observed for both the oxovanadate complex (at -529 ppm) and decavanadate (at -416, -499 and -515 ppm). At high tartaric acid concentrations in solutions from pH 2.5 to pH 4.5, a new species was observed at about -570 ppm.
The stoichiometry of the complexes at -515 ppm and at -539 ppm was investigated using several concentration ranges of vanadate and tartaric acid. The concentration range from 2 to 10 mmol L -1 vanadate was combined with 2 to 10 mmol L -1 tartaric acid, at pH ~2.5 with 600 mmol L -1 NaCl. In this series, the complex at -539 ppm (overlapping the VO 2 + signal) was not observed. Any contribution of decavanadate to -515 ppm signal was taken into account by measuring the decavanadate signal at -499 ppm and subtracting this from the total observed signal at -515 ppm. The concentration range used for stoichiometric studies was 10 mmol L -1 vanadate and 15 to 35 mmol L -1 tartaric acid at pH ~2.5 with 600 mmol L -1 NaCl. Since the chemical shift of the complex was superimposed on the free VO 2 + , the concentration of the VO 2 + was assumed to be the same as the oxovanadate complex at -529 ppm. At low concentrations of tartaric acid in the sample solutions, the concentration of the oxovanadate species was similar to that of the free VO 2 + species. Results obtained from these series of spectra are interpreted below.
Spectra from solutions containing 1:1 metal to ligand ratio in the concentration range from 2 to 3.5 mmol L -1 vanadate and 0.5 to 3.0 mmol L -1 tartaric acid showed that the signal at -515 ppm is likely to be a 1:1 (metal:ligand) species. This conclusion is based on the linear relationship between the concentration of -515 ppm species and that of [ vanadate did not form a complex at -539 ppm as the stability of the 1:1 complex precluded formation of other complexes (Also, no decavanadate are observed in these solutions). However, the dramatic increase of the complex at -539 ppm in solutions containing 10-fold excess tartaric acid is consistent with this species being a 1:2 complex.
Solution structure. Solution structure can be investigated by measuring the change of signals in free ligand to complex (coordination induced shift abbreviated CIS). Using 13 C NMR spectroscopy to determine the solution structure of the major 1:1 complex present at acidic pH. Two peaks at 72 ppm and 175 ppm were observed for tartaric acid (ligand) at pH 2.5 at ambient and at low temperature (5 o C). In solutions containing one 51 V NMR signal at -515 ppm with 600 mmol L -1 of vanadate and tartaric acid at pH 2.5 no 13 C NMR signals were observed at ambient temperature but two peaks at 89 ppm and 184 ppm were observed at 5 °C. This corresponds to a CIS of 17 and 9 ppm. These signals were also observed at ambient temperature when solutions of 500 mmol L -1 vanadate and 500 mmol L -1 tartaric acid were prepared at pH 3.9 (by 51 V NMR the complex at -515 ppm was the major species). The size of the carboxylate CIS shift (9 ppm) indicates that both the carboxylates are chelated to the vanadium. In addition, the large 20 ppm CIS of the carbon atoms adjacent to the hydroxyl groups suggests that these groups are deprotonated and chelated as alkoxide ligands to the vanadium. Studies by 1 H NMR spectroscopy supported these conclusions, as the complex signal was observed at 5.2 ppm and the free ligand at 4.7 ppm, the protons adjacent to the hydroxyl group support coordination of the hydroxyl group to the vanadium. The 1 H NMR spectra were more complex than the 13 C NMR spectra in that more than the signals described above were present. Presumably these signals are due to decomposition products and the 1:2 complex. A structural proposal consistent with these data would have all four oxygen atoms coordinated to the vanadium atoms, however, the stoichiometry requires that two of the oxygen atoms are protonated. Three structural possibilities are given below (Scheme 1).
Scheme 1. J. Braz. Chem. Soc.
Attempts to characterize the solution structure of the 1:2 (metal: ligand) complex were unsuccessful (500 mmol L -1 vanadate and 800 mmol L -1 tartaric acid) at pH 2.50 and at pH 4.00 at both ambient and low temperature (5 o C). Low concentration of each isomer and the rapid redox processes that take place in these solutions presumably is what limit these observations even in freshly prepared solutions.
Do vanadium(IV)-tartrate complexes form in solution of vanadate and tartrate?
The solution color changes indicate that redox chemistry of the vanadate-tartrate system is taking place in the acidic pH range. The rate of color change increased with the increasing concentration of tartaric acid. Three distinct color changes from orange were observed of sample solutions in the presence of 600 mmol L -1 NaCl at pH ~2.5: to green within 24 h (from 2.5 to 7.0 mmol L -1 vanadate and tartaric acid), to yellow within 12 h (from 7.5 to 10 mmol L -1 vanadate and tartaric acid) and to blue within 4 h (at 10 mmol L -1 vanadate and from 15 mmol L -1 to 35 mmol L -1 tartaric acid). The detailed characterization of the speciation in the vanadium(IV)-tartrate system show that both 1:1 and 2:2 complexes form. EPR spectroscopic studies were therefore conducted to confirm formation of the previously reported species. 9 In freshly prepared sample solutions containing 600 mmol L -1 NaCl (7.0 mmol L -1 vanadate and 6.5 mmol L -1 tartrate acid/10 mmol L -1 vanadate and 35 mmol L -1 tartrate acid), the concentration of V(IV) species increases with increasing tartrate concentration ( Figure  3) . Initially, about 3-10% of total vanadate were immediately observed in the samples. Within 48 h, 90 to 95% of V(IV) species form. In a 6.5 mmol L -1 / 7.0 mmol L -1 sample, two species are observed; the spectra are shown in Figure 3 . The first species had the parameters of A 0 = 106 × 10 -4 cm -1 , g 0 = 1.98 which corresponds to the VO 2+ species (A 0 = 106 × 10 -4 cm -1 , g 0 = 1.964). 17 The second species observed had parameters of A 0 = 97 × 10 -4 cm -1 , g 0 = 1.98 and corresponds with the species previously reported. [4] [5] [6] [7] [8] In the 10 mmol L -1 /35 mmol L -1 sample two species are observed, one which corresponds to the complex observed in dilute sample. The minor species had the parameters of A 0 = 102 × 10 -4 cm -1 , g 0 = 1.98. On spiking the 7.0 mmol L -1 /6.5 mmol L -1 sample with an equivalent amount of tartrate, the VO 2+ species disappeared and the second complex species was formed. These two species with parameters of A 0 = 97 × 10 -4 cm -1 , g 0 = 1.98 and A 0 = 102 × 10 -4 cm -1 , g 0 = 1.98 correspond to the 1:1 species and 2:2 species previously reported. [6] [7] [8] [9] In contrast, no observable color change was observed within 24 to 30 hours in sample solutions with pH above 6.50. Accordingly, no EPR detectable V(IV) species was observed in freshly prepared sample solutions with 5 and 10-fold excess tartrate and 600 mmol L -1 NaCl at pH 6.55. However, after 24 hours 8-10% and after 4 days 20% vanadium(IV) was observed with a major species at A 0 = 81 × 10 -4 cm -1 , g 0 = 1.98 and a minor species at A 0 = 93 × 10 -4 cm -1 , g 0 = 1.98 with a slight increase of pH to 6.90.
Complexes formed from enantiomerically pure and racemic tartaric acid
The stereoisomers of the tartaric acid can be used to further explore the properties of the complexes further. L-tartaric acid with 600 mmol L -1 NaCl were practically identical to spectra recorded of 10 mmol L -1 vanadate and 100 mmol L -1 D(-)-tartaric acid at pH 2.50 with 600 mmol L -1 NaCl (Figure 4 ). However, mixing these solutions in a 1:1 ratio gives rather different spectrum in 5, 2006 which the intensity of the -539 ppm signal was significantly greater than the -515 ppm signal (Figure 4) . Identical spectra were obtained by mixing DL(+ -)-tartaric acid with vanadate. The differences in the concentration of -539 ppm species depending on the enantiomeric purity of the ligand suggest that the vanadium(V)-complex contains more than one ligand. These spectra show that the 1:2 complex at -539 ppm generated from the DL(+ -)-tartraric acid is more stable than the 1:2 complexes formed from enantiomerically pure tartraric acid.
Electrochemical investigations of the vanadium-tartrate system
Polarography. The polarograms were measured in solutions of vanadate (1.0 mmol L -1 ) and tartaric acid at a ratio 1:1 to 1:10 metal to ligand. The V(V) reduction show two irreversible waves in the pH range from 3.5 to 9.5 ( Figure 5 ) (based on the analysis of log(I/I lim -I) dependence on E). Given the irreversibility of these waves polarography cannot be used to characterise the speciation. In this oxidation state, vanadium characteristically gives two cathodic waves as reported previously. 18 Cathodic reduction of V(V) to V(IV) begins at +0.3 V and no charging current region is observed as commonly found at dropping mercury electrode. The first wave is the one electron reduction of V(V) to V(IV) in agreement with previous report, 18 while the second wave describes the reduction of V(IV). 18 The second reduction wave appears at a negative potential (-1.0 V to -1.2 V). Since the limiting current of that wave is approximately two-fold higher than that of the V(V) reduction to V(IV), the participation of two electrons in the reduction process is inferred. Therefore this wave is the V(IV) reduction to V(II).
At pH 2.5 ( Figure 6 ), three cathodic waves were obtained and correspond to stepwise reduction to V(IV) (at ca. +0.3 V), V(III) (at ca. -0.95 --1.0 V) and V(II) (at ca. -1.2 V), respectively. The decrease in limiting current of the second and the third wave with the increase in tartaric acid concentration confirms the participation of tartaric acid in complex formation.
In the polarograms of solutions at pH 3.5-9.5, the height of the waves of V(IV) reduction to V(II) decreases by approximately a factor of two in the presence of L-tartrate which is interpreted as the formation of a larger species with lower diffusion coefficient ( Figure 5 ). Since 
). pH = 5.5. ) the diffusion coefficient values could be calculated as described in the experimental section. Some change in the diffusion coefficients with varying of pH is anticipated and was observed. Solutions containing the simple vanadate salt gave diffusion coefficients at 10 × 10 -6 and 15 × 10 -6 cm 2 s -1 at pH 3.5 and 5.5 to 25 × 10 -6 cm 2 s -1 at pH 7.5 to 9.5. It is possible that a further detailed study can provide additional information of ionic species in these solutions of V(IV) and various oligomeric and polymeric forms in the physiological pH range. Moreover, in the presence of excess ligand, the same pattern was observed. At pH 3.5 and 5.5, the diffusion coefficients were 3 × 10 -6 and 6 × 10 -6 cm 2 s -1
. At pH 7.5 and 9.5, the diffusion coefficients were 12 × 10 -6 and 17 × 10 -6 cm 2 s -1 respectively. Given the fact that the pure salt resulted in a much lower current, the observed diffusion coefficient of the salt will be much larger. However, free ligand yields higher currents. Accordingly, if solutions of vanadium-tartaric acid complexes contained some free ligand this should result in underestimation of a diffusion coefficient for the complexes. Since complexes are in equilibrium with free ligand and vanadate as demonstrated by NMR spectroscopy it became important to determine whether there was free ligand under such electrochemical investigations. As shown below using cyclic voltammetry free ligand was observed in these solutions, and the diffusion coefficients above have minimum values. Furthermore, these measurements represents an average value of the vanadium(IV) complexes that exist in solution.
Cyclic voltammetry. The cyclic voltammograms were recorded in solutions of vanadate, L(+)-and DL(+ -)-tartrate and complexes at a potential scan rate 50 mV s -1 (Table 1) . A representative scan is shown in Figure 7 at pH 2.5. The ratios of vanadate to tartaric acid vary from 1:1 to 1:3. The cyclic voltammogram of vanadate and tartaric acid alone is different than that observed from the complex as shown in Figure 7 . For the complex, a well-defined V(V)-V(IV)-L(+)-tartaric acid redox couple was observed at peak potentials of +0.93 V and +0.37 V, which is a region where no electrochemical process was observed for either vanadate or tartrate ligand. As it is seen from voltammograms this process is irreversible. Thus, this fact suggests that the electron transfer process is accompanied by additional chemical reaction, as can be anticipated vanadium(V) forms 1:1 and 1:2 complexes with tartaric acid, and vanadium(IV) forms 2:2 complexes. In the potential region approximately from -0.1 V to -0.7 V the decrease in reduction current from the ligand compared to the complex is consistent with the complexation of tartaric acid with the V(V). Two peaks are observed in the complex cyclic voltammogram in this region, one of which is new and can be attributed to a reduction of V(V) to a lower oxidation state. This process is also irreversible. The other peak is at the same potential as a peak in the tartaric acid curve which is likely due to the small presence of uncomplexed tartaric acid.
A series of different pH values were investigated and different cyclic voltammograms were observed. The series of cyclic voltammograms of vanadate, tartrate and complex at pH 6.5 are shown in Figure 9 . At pH 6.5, the V(V)-V(IV)-L(+)-tartrate was found to give a peak separation of 60 mV and a ratio of I pc /I pa ~1 (Figure 8) , which corresponds to a reversible redox process. Increasing the pH to 9.5 completely eliminated the peaks at this potential (data not shown) suggesting that both the vanadium(IV) and (V) complexes which undergoes reversible redox chemistry no longer exist or dramatically changed structure at pH 9.5.
Interestingly, the cyclic voltammograms of vanadium(V) solutions containing DL(+ -)-tartrate as ligand are significantly different from that of L(+)-tartrate. Although the cyclic voltammograms of tartrate have several identifiable features, the differences were observed in the shapes of the voltammograms and the position of the reduction and oxidation current peaks (Table 1) (Figure 8 and Figure 9 ). Possible sources of these changes include differential stability, ligand oxidation and differential adsorption at the electrode surface. Variability between the complexes stability seems less likely when considering that the stability constants of 1:1 complexes of other transition metal ions (Cu(II), Sb(III), Fe(II)) with L(+)-and DL(+ -)-tartaric acid are similar. 19, 20 However, differential stabilities were observed for the vanadium(V) L(+)-and DL(+ -)-tartaric acid 1:2 complex. Differential stabilities are particularly feasible when respective complexes contain more than one ligand (which found in the V(V)/V(IV)-tartrate system). Alternatively, the different electrochemical behavior of V(V)/V(IV) complexes with L(+)-tartaric and DL(+ -)-tartaric acids could be due to differential adsorption of the complexes on the electrode surface. Without further investigations it is hardly likely to distinguish these possibilities. Precedent for this effect has been reported for Cu(II) complexes with L(+)-and DL(+ -)-tartaric acid when the process of electroless copper plating was investigated using formaldehyde as a reducing agent. 21, 22 The rate of copper deposition and real surface area of the coatings are about 3 times higher in DL(+ -)-tartaric acid solutions compared with these parameters in L(+)-tartaric acid solutions. 21 These differences are in contrast to the similar complexation by L(+)-and DL(+ -)-tartrate of Cu(II) ions in alkaline solutions.
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Conclusions
Characterization of vanadium(V) complexes with tartaric acid was undertaken using multinuclear NMR spectroscopy and supported by EPR spectroscopy. Two major species were observed, one with a stoichiometry of 1:2 and a second complex with a stoichiometry of 1:1. The 1:2 complex formed from enantiomerically pure Ltartrate ligand was less stable than that of the 1:2 complex formed from racemic DL(+ -)-tartrate ligand. The stability of the 1:2 complex of the L(+)-or D(-)-tartrate ligand was found to be lower than that of the 1:2 complex with the DL(+ -)-tartrate ligand.
The redox chemistry of these complexes was characterized using the electrochemical methods, particularly polarography and cyclic voltammetry. Diffusion coefficients were calculated from the polarographic data and the minimum average values for the diffusion coefficient for the vanadium(IV)-tartrate 2:2 complexes were determined to range from 3 × 10 -6 cm 2 s -1 to 17 × 10 -6 cm 2 s -1 depending on pH. Cyclic voltammetry confirmed results obtained using NMR and EPR that complex formation depends on pH and tartrate enantiomer. ); pH = 6.5.
